Introduction
There have been various reports about the significance of hemodynamic considerations in aortic surgery analyzed either directly by magnetic resonance (MR) imaging w1x or with the aid of computer models and computational fluid dynamics (CFD) w2x. However, the in-vivo accuracy of those models might be questionable and in-vivo validation remains a challenge.
Replacing parts of the aorta as a standard procedure, e.g. in aortic aneurysm, dissection, or rupture has been shown to induce overt changes in the associated hemodynamics. Long-term effects related to the altered conductance of flow may be important for clinical management but can nowadays only be hypothesized (see Table 1 ). However, hemodynamic research offers proof of vascular remodeling in the presence of altered blood flow conditions and therefore, points towards an optimization of hemodynamic outcome in aortic surgery especially in the young. Previously published works have aimed at a comparison of aortic valve surgery to normal controls w3x, presented initial insights into the effect of straight aortic grafts in the descending and ascending aorta (AAo) w1, 4-6x, and valve prosthesis w7x. Since its first description in 1996 w8x, modern 4-dimensional qualitative blood flow analysis has been shown to be able to detect alterations in hemodynamics in comparison to normal controls w5x and has been optimized in terms of patient comfort and feasibility w9x.
An anatomically shaped aortic graft for replacement of the AAo may result in hemodynamically improved conductance of the blood flow. Thereby it may offer improved outcome for the individual patient since vascular remodeling and related complication such as thrombosis or aneurysm formation proximal or distal to the graft may be avoided. This may be of special note since the hemodynamic contribution to secondary complications, e.g. as the mediating mechanism in situations where steep gradients along the vascular wall are induced by sutures and implanted grafts are present, is not known at all. However, it is beyond doubt that implanted fabric grafts are at risk for secondary geometrical changes w10x which may be mediated by largely altered hemodynamics.
In this preliminary study we aimed at the analysis of blood flow in a single patient after replacement of the AAo with an anatomically shaped vascular tube graft in comparison A. Frydrychowicz et al. / Interactive CardioVascular and Thoracic Surgery 9 (2009) [155] [156] [157] [158] to blood flow properties in 12 age-matched healthy volunteers with a comparable size of the AAo.
Materials and methods

Graft and operative procedure
A 72-year-old male was operated because of an ascending aortic aneurysm six months prior to the MR flow study receiving a novel anatomically shaped 31 mm vascular tube graft (Uni-graft W, Braun, Aesculap, Tuttlingen, Germany) ᮋ and a typical Tiron David I operation.
Preoperative echocardiography revealed aortic diameters of 55 mm in the AAo, 40 mm at the aortic sinus, and 35 mm at the annulus. Left ventricular (LV) function was reported to be normal, and except from mild sclerosis there were no signs of an aortic valve pathology. The operative procedure was performed by Prof. Hans-H. Sievers at Lübeck University Hospital, Department of Cardiovascular Surgery. In brief, the David I operation consisted of replacement of the wall of the aortic root with a 31-mm Dacron tube graft with re-implantation of the coronary artery ostia. The aortic valve leaflets were preserved. The recovery was uneventful and the patient was discharged 10 days postoperatively. Postoperative echocardiography revealed a visually normal LVEF. Aortic valve function remained unsuspicious.
MR flow analysis
Flow experiments were performed in a 72-year-old male (107 kg) six months after replacement of the aortic arch with an anatomically shaped vascular tube graft (diameter 31 mm). Findings were compared to hemodynamic analyses in 12 age-matched individuals (64"10 years, 72.3"10.8 kg, 7 females, 5 males) with comparable diameters of the AAo of 3.1"0.2 mm. The volunteer data were taken from a collective of 62 individuals previously examined by MR flow acquisitions for analysis of thoracic aortic hemodynamics at the Freiburg University Cardiovascular Imaging Group w11x. Black-blood HASTE acquisitions were performed in all three spatial directions and the aortic diameter was measured at the level of the pulmonary artery bifurcation.
All examinations were previously approved by the Local Ethics Committee and were performed after written informed consent on a 3T MR system (Magnetom TRIO, Siemens, Germany, maximum gradient strengths40 mTym, rise times200 ms, 8-channel receiver coil). We applied a rf-spoiled gradient echo sequence using interleaved 3-directional velocity encoding during free breathing and prospective ECG gating. Examinations were carefully adapted to each individual's anatomy and data were collected with as158, vencs150 cmys, TEs3.67 ms, TRs5.6 ms, bandwidth 480 Hzypixel, temporal resolutions48.8 ms and a spatial resolution of 3.0=1.7=3.2 mm . To minimize 3 breathing artifacts and image blurring, respiration control was performed based on combined adaptive k-space reordering and navigator gating w9x.
Visualization and qualitative evaluation
All blood flow analyses were performed using a homebuilt software tool based on MatLab (The MathWorks Inc, Natick, MA, USA). 4D flow visualization included time-resolved, color-encoded visualization of flow characteristics (EnSight 8.2, CEI, Apex, NC, USA) based on 3D streamlines and particle traces. The visual evaluation of datasets was performed by two experienced readers in a consensus reading with the surgeon (A.F. and M.M.) screening for general hemodynamics, blood flow helicity, development, size and direction of vortices, and degree of physiological retrograde flow in the AAo, the aortic arch (arch), and the descending aorta (DAo).
Results
MR acquisitions and post-processing
All blood flow acquisitions in the patient and the individuals were successfully performed and the resulting data sets were of sufficient quality for the subsequent preprocessing and visualization strategy.
Analysis of control individuals
In agreement with previously published analyses w12x and pictorial data w5, 6, 9x, the control individuals presented with straight or pre-dominantly right helical blood flow in the AAo and transverse arch (rights5, nones6, lefts1). No local accelerations or decelerations of the overall blood flow were detected. We encountered a total of 24 vortices in the thoracic aorta with a median of two vortices (0-4 vortices, 7 individuals showed 2 vortices). Most of the vortices were seen in the ascending and proximal DAo (AAos10, DAos10, archs4). In all volunteers, late-systolic retrograde flow was encountered in the AAo (ns11) and arch (ns10) whereas in the DAo, the number of individuals without retrograde flow markedly decreased (ns4). Its pre-dominant localization was found at the inner curvature pointing to the left body half and changed slightly to the inner and outer right. A. Frydrychowicz et al. / Interactive CardioVascular and Thoracic Surgery 9 (2009) can be appreciated which transitioned smoothly into a pronounced right helix through the ascending aorta and arch. According to physiology, accelerated flow also appeared at the outer curvature (white arrowheads). The asterisk indicates aberrant streamlines related to noise within the acquired images. The incomplete depiction of the supraaortic arteries and the aberrant streamlines can be attributed to the limited spatiotemporal resolution and noise level within the images. No vortices can be observed. Fig. 2 . Time-integrated 3D particle traces allow an overview over the blood flow traces over time. Clearly, the pronounced helical flow in the proximal graft and the smooth right helical flow through the ascending aorta and aortic arch can be appreciated.
Patient analysis
As shown in Figs. 1 and 2, there were three major findings indicating near-physiological aortic blood flow conditions after implantation of the anatomically shaped ascending aortic graft:
1. Preserved right helical flow which was slightly accelerated at the larger curvature of the AAo and the right body half. No local blood flow accelerations or attenuations were observed. The helix was markedly accentuated especially in the proximal AAo with an absence of re-circulating flow or vortices at the proximal or distal graft orifice. 2. Throughout the measured 2y3 of the cardiac cycle, no relevant retrograde flow was seen. This may be attributed to a prolonged cardiac output phase or, most likely, to the decreased compliance of the graft material. 3. From the hemodynamic images the exact localization of the graft could not be determined (e.g. no localized blood flow alterations at the site of the proximal and distal anastomosis were detectable) which hints toward optimized conditions with respect to anastomosis, suture, and conduction of blood flow.
Discussion
Our preliminary results demonstrated blood flow in the anatomically shaped ascending aortic graft of a single patient that was in most respects similar to findings in a collective of normal volunteers with comparable sizes of the AAo. In contrast to findings in grafts by Bogren et al. w4x and Frydrychowicz and co-workers w6x for which highly disturbed flow and small re-circulating vortices adjacent to the straight graft wall were reported (see also Table 1) , near-physiological blood flow in the anatomically shaped graft was observed. In most respects, the observed blood flow properties were in agreement with earlier results from 2D and 3D analyses of blood flow as presented by Kilner et al. w12x and Bogren and co-workers w13x. The interpretation and conclusions are based on the assumption that an increased number of vortices and disturbed flow resemble a loss of kinetic energy of the blood flow and bury potentially negative effects for the vasculature whereas laminar-like flow properties are optimal with respect to the derived forces of the blood flow on the vascular wall especially distal to the graft.
The loss of retrograde flow in our patient may most likely be attributed to the altered material of the graft and the loss of the elastic properties that usually allows for the Windkessel effect. General atherosclerotic stiffening of the vessel wall of the entire aorta, such as in cardiovascular disease, results in earlier and more pronounced reflection of the aortic pressure wave from the peripheral vessels which leads to increased retrograde flow w12, 13x. In contrast, the altered compliance of the graft in the patient introduced a highly localized increased stiffness in the AAo. The normal AAo exhibits a very pronounced Windkessel effect which supports normal diastolic retrograde flow assisting the filling of the coronary arteries. We hypothesized that the lesser elasticity of the graft compromised this effect and reduced retrograde flow.
It has to be noted though that the imaging sequence allowed acquiring only approximately two-thirds of the cardiac cycle. Therefore, parts of late diastole were not depicted. However, there is evidence toward the fact that normal retrograde flow is early-diastolic w12x. Although the flow-sensitive measurements used in this study did not cover the entire cardiac cycle, the early-diastolic blood flow has been covered and acquired. This potential limitation can be overcome by the integration of retrograde ECGtriggering which was not available at the time of the study. Further, a potential drawback may be seen in the lack of a gold standard of comparison. Yet, neither ultrasound, contrast-enhanced ultrasound, nor computed tomography, digital subtraction angiography, or computational fluid design can provide the detailed information gained with the presented 3D flow-sensitive MR examinations.
The analysis performed in this study was limited to the blood flow of the aorta thereby disregarding blood flow kinetics induced by the left ventricle that can supposedly vary significantly. This may be seen as a potential drawback of the study which may be overcome by additional complex 4D blood flow analysis of the entire LV system. Despite the fact that initial LV studies have been presented w14x a comprehensive acquisition and evaluation strategy for the combined investigation of LV and aortic blood flow was not available at the time of this study. It has to be further noted that the data acquisition scheme relies on a temporal averaging of data and thus cyclic variations in blood flow dynamics over multiple cardiac cycles cannot be resolved. Effectively, minor variations in blood flow properties such as small turbulences and instabilities may remain undetected. Last, the limited spatiotemporal resolution and thus noise level within the images is the cause of the incomplete depiction of the supraaortic arteries and the aberrant streamlines. Further methodological improvements will in future help to overcome these shortcomings.
The method used for this analysis has successfully detected hemodynamic alterations in various cardiovascular situations and geometrically alterations before. In addition to this qualitative analysis, future studies can also include the analysis of the resulting wall shear stress and shear indices. Although the method is limited by its spatial and temporal resolution, it enables to generate intrinsically consistent values w15x and may therefore be used to detect alterations of related vessel wall parameters also.
The preliminary data presented here are based on observations in a single patient only. Therefore, a powerful study, e.g. of different commonly used prostheses may thus be conducted by expanding this preliminary setting to overcome limiting issues of a small sample size and a purely qualitative data analysis strategy.
Nevertheless, the presented 3D visualization of flow characteristics in an optimized aortic graft demonstrated the potential of the analysis methodology. With respect to the future analysis of hemodynamics in aortic grafts, this implies the potential to analyze the conduction of blood flow which may help to overcome difficulties imposed by implanting a prosthetic tube in the human vasculature.
